The present study aimed to investigate the effect of co-culture of fibroblast-like synoviocytes (FLS) with human umbilical cord-mesenchymal stem cells (UC-MSCs) on rheumatoid arthritis (RA) and to understand the mechanisms that mediate the induced changes. FLS and UC-MSCs were isolated and cultured individually, FLS were then cultured with or without UC-MSCs. The phenotype of UC-MSCs was analyzed prior to co-culture. The UC-MSCs were successfully isolated and expanded, and exhibited a fibroblast-like morphology. Enzyme-linked immunosorbent assay (ELISA) and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) were performed to determine the expression levels of interleukin (IL)-1β, IL-6, and chemokine (C-C motif) ligand (CCL)-2. The cell apoptosis rate was determined by flow cytometry. Furthermore, the RNAs of aggrecan and collagen type II were isolated and assessed in a chondrogenesis assay following co-culture for 7, 14, 21 and 28 days. Protein expression levels of apoptosis-related proteins, including B-cell lymphoma (Bcl-2), Bcl-2-associated X protein, p53 and phospho (p)-AKT, and growth differentiation factor-5 were analyzed by western blotting. ELISA and qRT-PCR demonstrated that compared with FLS cultured alone, co-culture with UC-MSCs significantly downregulates the expression levels of IL-1β, IL-6 and CCL-2. Additionally, the percentage of apoptotic cells was significantly increased in the co-cultured cells (P<0.05), and the relative RNAs levels of aggrecan and collagen type II were increased compared with FLS alone. Furthermore, the expression levels of Bcl-2 (P<0.05) and p-AKT (P<0.05) were significantly decreased, whereas, p53 (P= 0.001), Bax (P<0.01) and GDF-5 (P<0.01) were increased by co-culture of FLS with UC-MSCs compared with FLS alone. In conclusion, co-culture of FLS with UC-MSCs may be important and clinically useful for the treatment of RA by inhibiting the expression of pro-inflammatory mediators, inducing apoptosis and promoting chondrogenesis.
Introduction
Rheumatoid arthritis (RA), a chronic multisystem inflammatory autoimmune disorder, is characterized by destructive synovitis, systemic inflammation and acceleration of atherosclerosis (1, 2) . The imbalance of inflammatory cytokines, including tumor necrosis factor (TNF) and interleukin (IL)-6, is responsible for this disease (3) . It has been previously estimated that ~0.5%-1.0% of the general population are affected by RA (4) . The prevalence of RA in China is 0.28%, with a 6:1 female:male ratio (5) . RA leads to various functional disabilities, pain and low health-associated quality of life, imposing a large economic and mental burden on society and individuals with the disease (6, 7) . The predominant selective and effective therapeutic options for RA include conventional-synthesized disease-modifying antirheumatic drugs (DMARDs) and biological DMARDs, for example, anti-TNF-α monoclonal antibodies and tocilizumab. Although the management of RA has achieved considerable success, various approaches are expensive and no DMARD achieves long-term drug-free remission (8, 9) . Thus, it is necessary to develop novel and more effective therapies for RA.
Previous studies have investigated mesenchymal stem cells (MSCs) due to their immunosuppressive ability via regulation of T and B cell proliferation and differentiation (10). MSCs are considered as attractive therapeutic targets for treatment of immune disorders, including RA (11) (12) (13) . The major common sources of MSCs are bone marrow, peripheral blood and adipose tissue. However, obtaining human MSCs is invasive, except when extracted from umbilical cord (UC), as it is a postnatal organ discarded following birth. Additionally, UC-MSCs have a higher proliferative potential than bone marrow-derived MSCs (BM-MSCs) (14, 15) . Furthermore, it has previously been well demonstrated that UC-MSCs also possess immunoregulatory capabilities (15) . Therefore, UC-MSCs are now regarded as an alternative source of stem cells and require further investigation (16) . In a previous report, Liu et al (17) suggested that there is therapeutic potential in using human UC-MSCs for the treatment of RA. However, little information is available regarding the co-culture of fibroblast-like synoviocytes (FLS) with UC-MSCs.
The present study investigated the effect induced by co-culture of FLS with UC-MSCs and the potential mechanism by which this may affect RA. The levels of certain pro-inflammatory cytokines and chemokines, aggrecan, collagen type II and apoptosis-associated proteins, and the percentage of apoptotic cells were analyzed.
Materials and methods

Isolation and phenotypic identification of human UC-MSCs.
The protocol of the present study was approved by the ethics committee of The Second Affiliated Hospital of Hunan University of Chinese Medicine (Changsha, China) and informed consent was obtained from all the participants prior to the research. The methods for isolation and culture of human UC-MSCs were described a previous study (18) . Fresh human umbilical cords (n=5; gestational age, 39-40 weeks) were obtained from Department of Obstetrics and Gynecology of The Second Affiliated Hospital of Hunan University of Chinese Medicine following normal birth. The tissues were collected and transferred into a sterile container in α-modified Minimum Essential Medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Following washing with phosphate-buffered saline (PBS), the tissues were divided into 1-2 mm 3 pieces, incubated with 0.075% type II collagenase (Sigma-Aldrich) and 0.125% trypsin (Thermo Fisher Scientific, Inc.) then passed through a 100-µm cell strainer (BD Biosciences, San Jose, CA, USA). The cells (1x10 6 cells/cm 2 ) were then transferred to a flask containing the growth medium (GM) and cultured in a humidified atmosphere with 5% CO 2 at 37˚C for 3 to 4 days. The GM included Dulbecco's modified Eagle medium (DMEM; Sigma-Aldrich) and 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10 ng/ml vascular endothelial growth factor (VEGF; Gibco; Thermo Fisher Scientific, Inc.), 10 ng/ml epidermal growth factor (EGF; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine (Sigma-Aldrich). Following culture, the medium was changed and non-adherent cells were discarded. The medium was replaced twice weekly. The adherent cells (1x10 4 cells/cm 2 ) were maintained in GM for expansion when the confluence reached 60-80%. For phenotypic identification, the cells were detached and washed with PBS supplemented with 0.5% bovine serum albumin (BSA; Sigma-Aldrich), and maintained in primary antibodies for 30 min at 4˚C. To examine intracellular antigens, the cells were fixed with 4% paraformaldehyde for 15 min at 4˚C, blocked with normal goat serum, and then permeabilized with 0.1% saponin (Sigma-Aldrich) for 1 h at room temperature. Primary antibodies were used as follows: cluster of differentiation (CD)105, CD29, CD44, CD166, CD14, CD34, and CD45 (BD Biosciences). An antibody of the same isotope from the same species without a target served as the negative control. The cells were then washed with PBS containing 0.5% BSA and incubated with fluorescein isothiocyanate (FITC) and phycoerythrin (PE)-conjugated secondary antibodies for 30 min at 4˚C. Following washing three times, the cells were resuspended in PBS and detected by flow cytometry by using FACSCalibur flow cytometer (BD Biosciences) and the CellQuest Pro 3.0 software (BD Biosciences) (19) .
Isolation of FLS and co-culture with UC-MSCs. The FLS were prepared from synovial tissues of 6 patients with RA who had undergone total joint replacement surgery. The diagnosis of RA was based on the revised criteria from the American College of Rheumatology (20) . The FLS were isolated according to a previously described method (21) . Briefly, the tissues were washed with PBS and homogenized, then treated with type I collagenase (1 mg/ml; Sigma-Aldrich) and 2 mg/ml testicular hyaluronidase (Sigma-Aldrich) in DMEM for 2 h at 37˚C. Then, the culture was washed with PBS and maintained overnight in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine in a 5% CO 2 incubator. FLS at passages 4-6 were used for each experiment.
For the co-culture, FLS (1.5x10 4 ) were seeded in 24-well plates and cultured overnight in DMEM containing 10% FBS. FLS were then washed with serum-free DMEM and UC-MSC suspensions were added directly onto the FLS at a cell number ratio of 1:1 for 24 h.
Enzyme-linked immunosorbent assay (ELISA). Following co-culture, the supernatants from each group (FLS alone or FLS + UC-MSCs) were collected and centrifuged to remove cellular debris. The cell-free culture supernatants were assayed for IL-1β, IL-6 and chemokine (C-C motif) ligand (CCL)-2 using commercial ELISA kits (R&D Systems, Inc., Minneapolis, MN, USA). All samples and standards were assessed in triplicate. The absorbance of each well was determined at 450 nm with a spectrophotometer (SpectraMax 250, Molecular Devices, LLC, Sunnyvale, CA, USA). The reference wavelength was 540 nm.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA in the FLS alone or FLS + UC-MSCs groups was isolated using RNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's instructions. Total RNA was quantified and complementary DNA (cDNA) was synthesized using SuperScript Reverse Transcriptase (Promega Corporation, Madison, WI, USA) following the manufacturer's recommendations. The cDNA was subsequently used for qPCR. The IL-1β, IL-6, and chemokine CCL-2 mRNA levels were determined using PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan) and SYBR Premix Ex Taq (Takara Bio, Inc.). The qPCR cycling conditions were as follows: 95˚C for 10 min; 40 cycles at 95˚C for 15 sec, 60˚C for 2 min, 70˚C for 2 min, and 77˚C for 30 sec, 99.9˚C for 10 min; the reaction was stopped at 4˚C. The following primers were used: Forward, 5'-GTC ATG ACT TGC CCT CAGCA-3' and reverse, 5'-GCA GGT GAC CCA GTT TTTGG-3' for IL-1β; forward, 5'-AAA TTC GGT ACA TCC TCG ACG GCA-3 and reverse, 5'-AGT GCC TCT TTG CTG CTT TCA CAC-3' for IL-6; forward, 5'-CGC TCA GCC AGA TGC AAT CAAT-3' and reverse, 5'-GCT GGT GAT TCT TCT ATA GCT CGCG-3' for CCL-2; and forward, 5'-CCA AGG TCA TCC ATG ACAAC-3' and reverse, 5'-TGT CAT ACC AGG AAA TGAGC-3' for GAPDH. The relative expression levels of the genes were calculated by using the 2 -ΔΔCq method (22) . GAPDH was used as a reference gene. The reactions were performed in triplicate.
Flow cytometry assay. Cell apoptosis rate was determined by an Annexin V-FITC apoptosis detection kit (Sigma-Aldrich) according to the manufacturer's protocol. Briefly, cells were harvested and washed with cold PBS 3 times. The cells were then resuspended in 0.5 ml binding buffer, and incubated with 10 µl Annexin V-FITC and 10 µl propidium iodide at room temperature in the dark for 15 min. The cells were subsequently analyzed using a FACSCalibur flow cytometer. The percentage of total apoptotic cells, including the early and late stage, were calculated. The data were analyzed using CellQuest Pro 3.0 software.
Chondrogenesis assay. For chondrogenic differentiation, FLS with or without UC-MSCs (1x10 6 ) were seeded in 24-well plates with chondrogenic basal medium and cultured for 28 days at 37˚C with 5% CO 2 and 95% air. The medium was replaced every 3-4 days. Control cells were cultured in medium without growth factors. Cells were harvested and the mRNA expression of aggrecan and collagen type II was measured following co-culture at 7, 14, 21 and 28 days using NucleoSpin RNAII kit (Machery-Nagel GmbH, Düren, Germany). cDNA was prepared by reverse transcription of total RNA. The primer sequences for aggrecan, collagen type II and the housekeeping gene were listed as follows: Forward, 5'-AGG AGA CAG AGG GAC ACGTC-3' and reverse, 5'-TCC ACT GGT AGT CTT GGG CAT-3' for aggrecan, and forward, 5'-TTC AGC TAT GGA GAT GAC AATC-3' and reverse, 5'-AGA GTC CTA GAG TGA CTGAG-3' for collagen type II. GAPDH served as the housekeeping gene. cDNA was then quantified by qPCR using SYBR Green dye. The details of cycling conditions and the quantification method were as described above.
Western blot analysis. Western blotting was performed to determine the activation of Bcl-2 apoptosis regulator, Bcl-2-associated X apoptosis regulator (Bax), p53, phosphorylation of AKT serine threonine kinase and growth differentiation factor-5 (GDF-5). Protein was exacted using radioimmunoprecipitation assay buffer (Sigma-Aldrich), and the concentration was measured with the Bio-Rad DC Protein Assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Protein samples (20 µl) were separated on a 10-12% sodium dodecyl sulfate-polyacrylamide gel, transferred onto polyvinylidene difluoride membranes (Merck Millipore, Darmstadt, Germany), blocked in 5% non-fat milk powder in PBS for 2 h at room temperature and probed with rabbit monoclonal anti-Bcl-2 (cat. no. 4223), rabbit monoclonal anti-Bax (cat. no. 5023), anti-p53 (cat. no. 2527), anti-phosphorylated (p)-Akt (cat. no. 4060) and anti-GDF-5 (Abcam, Cambridge, MA, USA; cat. no. ab93855) primary antibodies (diluted 1:1,000) overnight at 4˚C, followed by incubation with the appropriate goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies (1:5,000; cat. no. 7071) for 1 h at 4˚C. All antibodies, unless otherwise stated, were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Rabbit monoclonal GAPDH (Cell Signaling Technology, Inc.; cat. no. 5174) was used as a control. Finally, the samples were detected by enhanced chemiluminescence (Pierce ECL Western Blotting Substrate; Thermo Fisher Scientific, Inc.) and densitometry analysis was performed at least three times using ImageLab™ software version 2.0.1 (Bio-Rad Laboratories, Inc.).
Statistical analysis. The experimental data are presented as the mean ± standard deviation. Statistical analyses were performed using SPSS statistical software (version 19.0; IBM SPSS, Armonk, NY, USA). Student's t-test was performed to comparison between 2 groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Phenotypic identification of UC-MSCs. The UC-MSCs were successfully isolated and expanded and flow cytometry was performed to determine the cell phenotype. The percentages of the positive cells were calculated They were negative for CD14 (1.31±0.82%), CD34 (0.70±0.30%) and CD45 (0.28±0.21%), but positive for CD105 (99.01±0.04%), CD29 (99.23±0.31%), CD44 (98.06±0.71%) and CD166 (87.63±0.07%), indicating that UC-MSCs exhibited a fibroblast-like phenotype.
Effect of co-culture on expression of pro-inflammatory cytokines and chemokines.
To investigate the effect of co-culture on expression levels of inflammatory cytokines and chemokines, ELISA and RT-qPCR were performed to determine the protein and mRNA levels of IL-1β, IL-6 and CCL-2. The ELISA results (Fig. 1A) demonstrated that co-culture of FLS with UC-MSCs significantly downregulated the protein expression of IL-1β (P=0.000), IL-6 (P=0.004), and chemokine CCL-2 (P= 0.023) compared with FLS cultured alone. RT-qPCR analysis demonstrated similar results. IL-1β (P=0.006), IL-6 (P= 0.036) and CCL-2 (P= 0.005) mRNA levels were significantly reduced in the co-culture group compared with the FLS only (Fig. 1B) . These results indicate that co-culture of FLS with UC-MSCs inhibits the expression of pro-inflammatory cytokines and chemokines.
Effect of co-culture on FLS apoptosis and chondrogenesis.
To investigate the effect of co-culture with UC-MCSs on FLS apoptosis and chondrogenesis, flow cytometry and chondrogenesis assay were performed, respectively. As demonstrated in Fig. 2A and B , the percentage of apoptotic cells was significantly higher in the co-culture group compared with the FLS group (P= 0.039). Additionally, the relative RNA expression levels of aggrecan and collagen type II at 7, 14, 21 and 28 days were significantly higher in the co-culture group compared with the FLS group (Fig. 3) . These results demonstrated that co-culture of FLS with UC-MSCs induces FLS apoptosis and promotes chondrogenic differentiation.
Effect of co-culture on the protein expression levels of apoptosis-associated proteins and GDF-5. To further confirm the mechanisms of apoptosis and chondrogenesis induced by the co-culture, the expression levels of apoptosis-associated proteins (Bcl-2, Bax, p53, and p-AKT) and GDF-5 were determined by western blot analysis. As demonstrated in Fig. 4 , compared with the levels in the FLS group, the expression levels of anti-apoptotic Bcl-2 (P=0.026) and p-AKT (P=0.019) were significantly decreased and the levels of pro-apoptotic p53 (P= 0.001) and Bax (P= 0.006) were significantly increased by co-culture of FLS with UC-MSCs. Additionally, the expression level of GDF-5 was significantly increased by co-culture of FLS with UC-MSCs compared with FLS alone (P= 0.005).
These results indicate that co-culture of FLS with UC-MSCs induces apoptosis of FLS by regulating the expression of pro/anti-apoptotic proteins.
Discussion
The present study provided evidence indicating that co-culture of FLS with UC-MSCs exerts a profound inhibitory effect on the expression of pro-inflammatory cytokines and chemokines (IL-1β, IL-6 and CCL-2), induces FLS apoptosis and promotes chondrogenic differentiation. Furthermore, the current study demonstrated that the apoptosis and chondrogenesis induced by co-culture of FLS with UC-MSCs may be regulated via changes to the expression of pro/anti-apoptotic proteins and GDF-5.
RA is a heterogeneous autoimmune disease that not only causes progressive joint deterioration, but also causes damage to multiple organs and tissues (2) . Although the pathogenic mechanisms that mediate RA remain to be elucidated, a hallmark of RA pathology is intra-articular inflammation. It has previously been well demonstrated that various active cytokines and chemokines, including TNF-α, IL-1β, IL-6 and C-X-C motif chemokine ligand 8/IL-8, are abundant in the arthritic synovium and serum of patients with RA (23), which may impact disease progression leading to articular deterioration and the co-morbidities of RA (24, 25) . Furthermore, FLS, the resident cells of synovial joints, are associated with the formation of pannus and stimulate inflammatory responses (26) . The interaction between inflammatory/immune cell infiltration and FLS is responsible for the progression of joint damage progression and immune activation. Thus, in addition to inhibiting inflammatory responses, targeting FLS may be another important treatment strategy for RA (27) .
Targeted therapies have been previously developed and achieved substantial success. For example, TNF-α competitive inhibitor, TNF-α monoclonal antibodies and B-cell-depleting therapies have been used to treat patients with RA (28, 29) . However, these approaches are usually expensive and have potential side-effects (30) . Additionally, traditional medications cannot repair joint damage (31) , and most patients develop clinical relapse and disease progression. Thus, it is critical to develop novel and effective therapeutic approaches to improve the clinical outcomes. MSCs have previously been demonstrated to be effective for the treatment of various diseases, including autoimmune arthritis (32) , due to their self-regenerating, differentiation and immunosuppressive capability. MSCs are also present in the synovium where they are thought to maintain tissues and contribute to repair processes (33) . However, MSCs from patients with RA exhibit lower clonogenic potential and proliferative capability compared with normal MSCs (34), making allogenic MSCs accessible for clinical trials. Furthermore, although bone marrow has been considered as the main source of MSCs, BM-MSCs are not always a viable option for clinical use. Compared with BM-MSCs, UC-MSCs have higher proliferative effectiveness, more robust differentiation ability, and lower risks of contamination and immunogenicity (18) . Thus, UC-MSCs demonstrate greater therapeutic potential for the treatment of a number of diseases, compared with BM-MSCs. However, the effect of co-culture of FLS with UC-MSCs on RA has not been widely investigated.
The present study isolated and cultured FLS and UC-MSCs. While the stroma of the synovium includes FLS and MSCs, their association is poorly understood. Therefore, the phenotype of UC-MSCs was subsequently identified. The data of the current study demonstrated that UC-MSCs had been successfully isolated and expanded. The cells were negative for CD14, CD34 and CD45, but positive for CD105, CD29, CD44 and CD166, demonstrating that UC-MSCs exhibited a fibroblast-like morphology. FLS and MSCs may be from the same lineage but at different functional stages. Following identification of the UC-MSC phenotype, FLS and UC-MSCs were co-cultured to 
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observe the effect on the expression of pro-inflammatory cytokines and chemokines, and on apoptosis and chondrogenesis. The results of the present study demonstrated that co-culture of FLS with UC-MSCs significantly reduces the expression of IL-1β, IL-6 and CCL-2. Among the pro-inflammatory cytokines, IL-1β has previously been reported strongly inhibit tissue repair during RA (35) . IL-6 and CCL-2 are also thought to be important in the pathology of RA. Additionally, the current study demonstrated that co-culture of FLS with UC-MSCs significantly increased FLS apoptosis and promoted chondrogenesis. Furthermore, the 
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mechanisms that mediated the increases apoptosis and chondrogenesis were explored. The results demonstrated that the levels of anti-apoptotic protein level (Bcl-2 and p-Akt) were significantly decreased, whereas, pro-apoptotic proteins (p53 and Bax) were significantly increased by co-culture of FLS with UC-MSCs, suggesting that the increased apoptosis may be induced via regulation of the expression of pro/anti-apoptotic proteins. The present study also demonstrated that the protein expression level of GDF-5 was significantly increased by co-culture of FLS with UC-MSCs. GDF-5, a member of bone morphogenetic protein and transforming growth factor-β families, is expressed by fibroblasts, articular cartilage chondrocytes and odontoblasts (36) (37) (38) . It was previously reported that GDF-5 aggregates the mesenchyme, increases glycosaminoglycan synthesis, promotes chondrogenic differentiation in vitro, and induces cartilage and bone formation in vivo (37, 39) . A previous report suggested that GDF-5 is present in the synovium membrane and cartilage of patients with RA, and is actively involved in the regulation of cartilage maintenance and repair (40) . The present study demonstrated that GDF-5 may be involved in chondrogenesis induced by co-culture of FLS with UC-MSCs.
In conclusion, co-culture of FLS with UC-MSCs exerts an inhibitory effect on the expression of pro-inflammatory cytokines and chemokines, induces FLS apoptosis and promotes chondrogenesis. The results of the current study suggest that co-culture of FLS with UC-MSCs may be clinically useful and potentially important for the treatment of RA.
